Molecular cloning techniques were used to construct lambda-E. coli hybrid bacteriophage carrying genes involved in bacterial flagellar motility (mot) and chemotaxis (cheA). A series of hybrid bacteriophage without each of these genes was also prepared. When paralyzed mutants of E. coli were infected with lambda that carried the mot gene, the ability of the bacterium to swim was rapidly restored. The restoration of motility was the result of the synthesis and insertion into the cell membrane of a protein with an apparent molecular weight of 31,000 (the Mot protein).
Bacterial flagella function by rotating, and their rotation is regulated so that it responds to information provided by specific chemoreceptors on the surface of the cell (1-3). The genetic basis for flagellar structure, function, and regulation has been analyzed in detail (4) (5) (6) . However, very little is known about the biochemistry involved in these processes. The flagellar organelle can be isolated from Escherichia coli and Bacillus subtilis (7, 8) . It is composed of a long helical filament and a complex basal structure which is tightly bound to the outer membrane of the cell. The basal structure has been purified (9) and its components were characterized by gel electrophoresis. It was found to contain eleven different polypeptide chains (10) . It is clear, however, that these components do not account for all of the gene products involved in flagellar function. This conclusion is based on a comparison of the proteins obtained from flagella isolated from mot amber mutants and wild-type strains. The mot gene appears to control the synthesis of a product which is directly involved in flagellar activity. Mutations in this gene result in bacteria that are paralyzed, i.e., their flagella do not rotate. However, the flagellar organelles isolated from strains carrying mot mutations are indistinguishable from wild type, both with respect to their morphology and their polypeptide composition. Thus, the mot gene product is not part of the basal structure isolated with flagella. It may be a component of the cell membrane. There is evidence that other flagella-related structures are associated with the membrane.
Kort et al. (11) have described a membrane component which is reversibly methylated and may be involved in chemotaxis. The degree of methylation varied in strains that carried defects in general chemotaxis (che mutants). The che genes were initially described by Armstrong and Adler (5) and subsequently by Parkinson (12) (15) and by Parkinson (12) . They concluded that there were two genes cheA and cheB (15) , and that each showed extensive intracistronic complementation (12) .
Aswad and Koshland examined the system in Salmonella and concluded that at least six genes were involved. There may, therefore, be an association of components in the cell membrane which regulates motility and chemotaxis and interacts with the basal structure of the flagellar organelle. Some evidence suggesting a membrane-related flagellar structure, distinct from the basal structure, has been presented (16, 17) .
To understand the mechanisms involved in motility, and in the assembly and function of flagella, it is necessary to identify the products of all of the genes that contribute to these processes.
One approach involves an isolation of the genes and detection of their products directly. In a previous report (18) , we showed that hybrid E. coli-lambda phage carrying genes that control flagellin synthesis could be obtained and used to determine the regulation of flagellin production. We will now show how hybrid lambda bacteriophage can be used to assay for other flagella-specific proteins which include the mot gene product.
MATERIALS AND METHODS
Construction and Propagation of Hybrid Lambda. Hybrid lambda (X) E. coli DNA molecules were constructed using XgtXc DNA as the vehicle and fragments of DNA obtained by EcoRI endonuclease digestion of F factor carrying flagellar genes. The isolation of the F factor (MSF 1338) has been described (18) and the procedure used in EcoRI restriction and ligation with T4 DNA ligase (Miles, Indiana) was similar to that of Thomas, Cameron, and Davis (19) . Hybrid phage were recovered by transfection (into E. colh C600 rK-, mK-). Several hybrid Xphage were isolated including Xflal and Xfla2 (Fig.  1) . We have described Xflal (18) (22) . 35aSLabeled methionine with a specific activity of 320 Ci/mM (New England Nuclear Corp.) was used to label the proteins. The preparation of samples for electrophoresis, and the autoradiography has been described (18) as were the specific flagellar mutants that were isolated in strain 159X.
Cell Membrane Isolation. The procedure used for the preparation of subcellular fractions was a modification of the procedure descibed by DePamphilis and Adler (23) . Whole E. coli envelopes were collected by centrifugation, after osmotic lysis of spheroplasts prepared by lysozyme-EDTA treatment. The envelopes were'extracted with 0.2% Triton X-100 (wt/vol) in the presence of 10 mM MgCl2 at room temperature, and insoluble material was removed by centrifugation at 100,000 X g for 60 min. The Triton X-100 extract was free of outer membrane specific proteins as determined by gel electrophoresis (24) . The pellet contained most of the outer membrane fraction; however, it had significant inner membrane contamination. The radioactive band corresponding to flagellin on acrylamide gel electrophoresis was found only in the pellet fraction. Fig. 1 shows the distribution of some of the flagellar genes on the E. colt genome and the hybrid A phages that were prepared for this study. The flaI, mot, and cheA genes were inserted in both possible configurations (Xfla7, Xflal8, Xfla4, and Xflal5) next to flagellar genes that could be easily detected. Deletions were then selected from stocks of all four phages. The outside markers served to monitor the direction and extent of these deletions. A sample of the analysis of the deletions is shown in Fig. 2 . The deletion of a specific gene resulted in the loss of complementation activity and frequently in the loss of the ability to form recombinants. It was difficult to record com- plementation with the cheA gene. However, the loss of the ability to form recombinants was clearly observed. The map (Fig. 2) on the left shows the extent of the deletions as determined by the complementation tests shown on the right. Thirty different deletions were selected and mapped by these complementation tests.
RESULTS
To determine the nature of the gene products and their location, it was necessary to show that under the experimental conditions used to test for gene expression, the lambda phages could restore the missing function. Fig. 3 Because the gene products appear to be cotranscribed, we tested bacteriophage mu-induced mot mutants for the restoration of flagellar activity after infection with hybrid X phage. The mu phage is inserted in the mot gene and should prevent the synthesis of both the mot and cheA products. Addition of A mot rapidly restored movement to the cells and they all showed smooth swimming. Addition of A carrying the mot and cheA genes had the same effect. The tumbling behavior characteristic of chemotaxis was not observed. The expression of the 31,000 and the 39,000 molecular weight proteins requires the flaI gene function. This regulation is further evidence for the involvement of these proteins in flagellar function. Our failure to detect thefla product may result from its synthesis at very low rates or in a short burst. It is clear from the kinetic studies of complementation (Fig. 3) It appears that there are at least two classes of flagella-related proteins, those that are part of the rotor structure and those that are bound to the cell membrane and control motility and chemotaxis. The use of X and the ability to specifically label individual gene products provide an ideal system for examining the biochemical mechanisms involved in the transduction of energy into motion.
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